Ibogaine is a naturally occurring psychoactive alkaloid derived from the roots of the African shrub Tabernanthe iboga. Extracts of T. iboga are used for religious purposes in African cults. In the period from 1985 onward, several United States patents have claimed efficacy for ibogaine in the treatment of a wide variety of drugdependence syndromes (e.g., Lotsof 1985 Lotsof , 1992 . These claims have attracted the attention of scientists, and there have been more than 60 scientific publications addressing several issues related to ibogaine and drug dependence.
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Animal studies and uncontrolled observations in humans indicate that ibogaine can reduce withdrawal symptoms and self-administration of some drugs (Cappendijk and Dzoljic 1993; Sheppard 1994) . Interestingly, in certain behavioral and neurochemical investigations, ibogaine has been characterized to have long-term effects persisting for at least 19 hours after its administration (Maisonneuve et al. 1991) . In individuals given 5 mg of ibogaine, this drug could not be detected after 4 hours using thin-layer chromatography (Ley et al. 1996) . Because the presence of ibogaine in plasma cannot explain its protracted actions, the possibility that an ibogaine metabolite persists for a longer period than the parent compound has been considered. Using quantitative gas chromatography/mass spectrometry, it was possible to detect the ibogaine metabolite 12-hydroxyi-bogamine (noribogaine) in plasma (Mash et al. 1995a) ; while more than 90% of the ibogaine absorbed was eliminated 24 hours after its administration, the concentration of the metabolite was still appreciable at this time. Ligand-binding studies suggest that noribogaine, like ibogaine itself, may interact with diverse types of receptor (Mash et al. 1995a; Staley et al. 1996) . The primary metabolite noribogaine is produced through demethylation of ibogaine (Mash et al. 1995a) . Ibogaine is lipophilic and concentrated in fat, and might be converted to noribogaine after slow release from fat tissue (Hough et al. 1996) . Sequestration of ibogaine into lipophilic compartments in the brain may result in low drug concentrations in the extracellular fluid and the more polar nature of noribogaine suggests that it may achieve relatively higher concentrations than the parent compound (Staley et al. 1996) . Schechter and Gordon (1993) showed that rats can be trained to discriminate the interoceptive stimuli produced by ibogaine using drug discrimination procedures similar to those employed for many other drugs. In such studies, ibogaine has been found to partially cross-generalize with several drugs acting directly or indirectly as serotonergic agonists. Thus ibogaine generalized partially to fenfluramine, 1-(m-trifluoromethylphenyl)piperazine (TFMPP), lysergic acid diethylamide (LSD), 2,5-dimethoxy-4-methyl-amphetamine (DOM), and quipazine (Schechter and Gordon 1993; Helsley et al. 1998a) . Conversely, in rats trained to discriminate fenfluramine, there was no generalization to ibogaine (Schechter 1997) whereas in rats trained on LSD or DOM, partial generalization was seen (Palumbo and Winter 1992) .
In rats trained to discriminate ibogaine, partial generalizations to drugs of other classes have been observed. These drug classes include certain opioids and sigma agonists and N -methyl-D -aspartate (NMDA) antagonists. Thus, several mixed agonist-antagonist opioids, such as ( Ϯ )-pentazocine, nalorphine and diprenorphine, and sigma agonists such as 1,3-di(2-tolyl)guanidine have elicited partial generalization in rats (Helsley et al. 1998b ). On the other hand, the selective -opioid agonists U50,488 and bremazocine and subtype-selective sigma agonists have not generalized (Helsley et al. 1998b) . Mice trained in a T-maze to discriminate the uncompetitive NMDA antagonist dizocilpine (but not the glycine antagonist R -( ϩ )-3-amino-1-hydroxypyrrolid-2-one) have also been reported to generalize to ibogaine (Popik et al. 1995; Witkin et al. 1995) ; however, the effect in dizocilpine-trained mice was only partial (67%) and it occurred with a very large (100 mg/kg) dose of ibogaine. It has also been found that uncompetitive NMDA antagonists such as phencyclidine and dizocilpine do not cross-generalize with ibogaine in either rats or monkeys (Helsley et al. 1998b; Jones et al. 1998) .
The studies reviewed above indicate that ibogaine has complex and incompletely characterized effects in drug discrimination experiments. Ibogaine and noribogaine appear to interact with several molecular targets (Deecher et al. 1992; Mash et al. 1995a Mash et al. , 1995b Staley et al. 1996) but although their chemical structures are similar, the parent compound and its metabolite display different pharmacological and binding profiles. Noribogaine is several times less potent than the parent compound as an inhibitor of [ 3 H]dizocilpine binding (Mash et al. 1995b ), but it is more potent than ibogaine at both -and -opioid receptors and, unlike ibogaine, it is potent at the ␦ -opioid receptor (Pearl et al. 1995) . Additionally, noribogaine binds to the serotonin transporter with 10-fold greater affinity than ibogaine and competitively inhibits [ (Mash et al. 1995a; Popik et al. 1994; Sweetnam et al. 1995) .
Evidence suggests that the effects of the metabolite noribogaine may be an important element in the stimulus properties of ibogaine. Rats trained to discriminate ibogaine partially generalized to noribogaine (Helsley et al. 1997) . In this study, we have attempted to determine the role of the metabolite noribogaine in the discriminative stimulus effect of ibogaine. Thus we examined the relationship between tissue concentrations of ibogaine and noribogaine and the behavioral response in rats of the same sex, strain, and age. We have also investigated whether rats trained to discriminate either the -opioid agonist U50,488 or the uncompetitive NMDA antagonist dizocilpine will generalize to noribogaine.
MATERIALS AND METHODS

Animals
Male hooded rats (Harlan Olac, Bicester) initially weighing 210-280 g were housed individually in rooms maintained at ‫ف‬ 21 Њ C, with a regular light-dark cycle (light from 7:30 A . M . to 7:30 P . M .). The rats were fed restricted amounts of food to maintain their weights at ‫ف‬ 80% of normal, as determined from growth curves for rats with unrestricted access to food. The final weights of animals in the experiment were 300-360 g. Water was available in the living cages at all times.
Apparatus
Standard experimental chambers (Campden Instruments) were contained in sound-insulated, ventilated enclosures. The chambers were fitted with two retractable levers separated by a recess into which 45 mg pellets of food could be delivered. White noise was present at all times to mask external sounds. The Arachnid software system running under RISC OS was used to control the experiments and to record data (CeNes Ltd., Cambridge, UK).
Drug Discrimination
The procedure for establishing drug discrimination has been described in detail (Pratt et al. 1983; Stolerman et al. 1984) . Three groups of rats were used ( n ϭ 5-6). One group of rats was trained on ibogaine (10 mg/kg IP), another group was trained on dizocilpine (0.08 mg/kg IP), and a third group was trained on U50,488 (5 mg/kg SC). The training doses were chosen from previous work and preliminary experiments (Chamberlain and Stolerman 1997; Helsley et al. 1997; Sanger and Zivkovic 1989) . Preliminary training was attempted with a 20-mg/kg dose of ibogaine but this induced severe behavioral disruption and was discontinued. In order to establish a baseline of responding in the absence of drug, rats were trained in 15-minute daily sessions to press levers for food reinforcers delivered on a FR-10 schedule, but only one lever was present at a time. Drug discrimination training then began, with both levers present at all times. During the training sessions of 15 minutes duration, presses on one of the two levers were reinforced after administration of the training drug; presses on the other lever were reinforced in sessions after saline injections. Drug and saline training sessions took place in random order. For all rats, a tandem VI 1-minute FR-10 schedule was introduced progressively. Under this schedule, food was presented following the tenth consecutive correct response after a randomly determined interval (mean ϭ 1 minute).
Test sessions for determining discriminative stimulus effects of drugs consisted of 5-minute generalization tests that took place twice weekly under extinction conditions; training continued on the intervening days. Rats used in these studies reached a criterion of at least 80% correct responding during extinction tests in the presence of training stimuli (after 35-55 training sessions for dizocilpine, 40-70 sessions for ibogaine and U50,488). Every subsequent experiment included tests with the drug and vehicle training stimuli as part of the random sequence of tests used to evaluate effects of novel drugs and doses. Subjects were used for tests of generalization to other drugs between acquisition and collection of the data described here; some of these other experiments have been described elsewhere (Chamberlain and Stolerman 1997) .
The index for assessing discriminative effects was the number of responses on the lever appropriate for the training drug, calculated as a percentage of the total number of responses on both levers. This index was calculated for rats that pressed the levers at least 10 times during a 5-minute extinction test. ED 50 values for discriminative effects were estimated by interpolation as the doses or tissue concentrations of drug associated with 50% drug-appropriate responding. Data were examined by analysis of variance, with repeated measure techniques used where appropriate (Winer 1970 ). Percentage data were subjected to arc-sine transformation. The Dunnett t -test was used for multiple comparisons with vehicle control data. The total number of responses was used as an index of response rate. All analyses were performed using Unistat 4.5 software (Unistat, London, UK).
Ibogaine and Noribogaine Concentrations
Rats were decapitated and trunk blood was collected. The blood was centrifuged and the plasma was retained for determination of drug concentrations. The brain was removed and various regions were dissected. Samples were extracted and analyzed as published previously (Hearn et al. 1995) . A 400-l volume of each sample was added to a 15-ml, silanized, round-bottom, screw-top glass tube. Stock plasma (400 l) was used to prepare standards. Plasma samples and standards were diluted with 2.6 ml of 1% sodium chloride and then made basic with 2 ml saturated sodium carbonate. Dissected brain regions (brainstem, cerebellum, cortex, and striatum) from individual animals were minced and placed into individual tubes. Standard brain matrix (0.15 g/tube) was made from homogenized whole rat brain resulting in a homogenous paste. Brain samples were processed by 1:1 dilution (w/w) with 1% sodium chloride and then liquefied by homogenization for 30 seconds (Tissue Tearor™; Biospec Products, Bartlesville, OK) and sonication for 5 minutes (Sonicator™; Heat Systems-Ultrasonics, Danbury, CT). Tubes containing brain homogenates were diluted with saturated sodium chloride solution (3 ml/g wet weight of tissue), and then made basic with saturated sodium carbonate (3 ml/g wet weight of tissue). Ibogaine-d 3 /noribogained 2 (100 ng) was added to all samples and standards as internal standard (istd).
Samples and standards of either plasma or brain were then extracted with 7 ml ethyl acetate followed by rotation for 1 hour at room temperature. After centrifugation, the ethyl acetate layer was transferred to a second tube and evaporated to dryness at 50 Њ C under a continuous stream of nitrogen. Noribogaine was derivatized by adding 100 l tetramethyl analinium methoxide-dimethylsulfoxide (1:1) reagent and 40 l iodoethane, and incubating for 30 minutes at room temperature and for 5 minutes at 45 Њ C. The reaction was terminated by adding 2 ml 2N sulphuric acid. The resulting aqueous solution was then washed once with 5 ml hexane and once with 5 ml n -butyl chloride for 30 minutes using a rotary mixer. After centrifugation, the organic layer was aspirated to waste. The aqueous phase was adjusted to a pH greater than 10 by adding 450 l 10 M sodium hydroxide and 1 ml saturated sodium carbonate and extracted with 7 ml n -butyl chloride and rotary mixing for 1 hour at room temperature.
The organic layer was transferred to a separate tube and washed once with 1 ml water. The solvent layer was then removed and allowed to evaporate to dryness at 50 Њ C under a continuous stream of nitrogen. The residue was reconstituted in 50 l methanol for injection (1 l) into a gas chromatograph/mass spectrometer (Finnigan MAT ITS-40, using a 15 m ϫ 0.25 mm ID, 0.1 m film thick DB-1 phenylmethylsilicone FSOT capillary column) operating in full-scan, electron-ionization mode scanning from m/z 45 to 450 at 1.0 s/scan. The manifold, injector, and transfer line temperature were held at 220, 270, and 280 Њ C, respectively. The oven temperature was programmed at 50 Њ C for 1 minute, then heated to 230 Њ C at 25 Њ C/min. After 30 seconds at 230 Њ C, the temperature was raised to 300 Њ C at 5 Њ C/min and maintained for 7 minutes. The carrier gas was helium, and the flow rate was 1 ml/min. Analyte concentrations were calculated by comparison with matrix-matched standard curves. Peak-area ratios (analyte/istd) were subjected to least squares regression, and the resulting standard curve equation was used to calculate the concentrations of the samples.
Drugs
Ibogaine HCl and noribogaine (both from Omnichem, Belgium) were dissolved in distilled water and gently heated by warm running water to ensure better solubility. U50,488 (trans-3,4-dichloro-N-methylN[2-(pyrrolidinyl) cyclohexyl] benzeneacetamide methanesulphonate) donated by Upjohn, Kalamazoo, MI) and dizocilpine (donated by Merck, Sharp and Dohme, Harlow, Essex) were dissolved in distilled water. All drugs were injected 30 minutes before the beginning of the behavioral sessions and 30 minutes before collection of tissue samples in the pharmacokinetic studies.
RESULTS
Drug Discrimination
Four doses of noribogaine, three doses of ibogaine and saline were tested in rats ( n ϭ 6) trained to discriminate ibogaine (10 mg/kg) from saline. Clear discrimination between the training dose of ibogaine and saline was seen, and there was generalization to noribogaine at doses of 3.2, 10 and 20 mg/kg as shown in Figure 1 (left section). Analysis of variance for repeated measures revealed a significant effect of dose (F[7,34] ϭ 9.90, p Ͻ .001). However, while noribogaine produced drug-appropriate responding at 3.2 mg/kg, ibogaine did not yield a similar effect at this dose. Thus the ED 50 for noribogaine was 1.98 mg/kg as compared with 4.51 mg/ kg for ibogaine, indicating the greater potency of noribogaine than ibogaine under these conditions. Drug treatment also affected overall rates of responding (F[7,35] ϭ 7.78, p Ͻ .001) Both ibogaine and noribogaine exhibited a response rate-decreasing effect (Figure 1 , left section) but noribogaine was not more potent than ibogaine in this respect.
Generalization to noribogaine was also examined in rats trained to discriminate either U50,488 or dizocilpine from saline. Figure 1 (center sections) shows the clear discriminative response to the training dose of U50,488 and the absence of any similar effect with noribogaine at doses of 1.0, 3.2, or 10 mg/kg ( n ϭ 6). The animals trained to discriminate U50,488 showed a low overall rate of responding under both the vehicle and U50,488 training conditions, and this rate was reduced further by 20 mg/kg of noribogaine; responding at this dose of noribogaine was suppressed too severely for discriminative effects to be assessed. Figure 1 (right sections) shows that the training dose of dizocilpine produced a clear discriminative response ( n ϭ 5), that noribogaine engendered only a very small increase in dizocilpine-appropriate responding and had a marked response rate-reducing effect at a dose of 20 mg/kg.
Plasma and Brain Concentrations of Ibogaine and Noribogaine
As shown in Figure 2 (upper section), plasma concentrations of both ibogaine and noribogaine increased in a manner related to the dose of ibogaine (F[2,9] ϭ 18.5, p Ͻ .001) and concentrations of noribogaine were slightly greater than those of ibogaine (F[1,9] ϭ 4.43, p ϭ .065); for these studies, the ibogaine was administered by intraperitoneal injection 30 minutes before sampling plasma, the same route and timing as in the behavioral experiments described above. The plasma concentrations of noribogaine were even higher when the metabolite itself was injected at the same doses and at the same time (F[1,18] ϭ 37.8, p Ͻ .001). For example, the plasma concentration of noribogaine was 0.873 Ϯ 0.054 g/ml after 10 mg/kg of noribogaine, as compared with 0.366 Ϯ 0.077 g/ml after ibogaine (t[6] ϭ 5.41, p Ͻ .002). Neither ibogaine nor noribogaine was detectable in plasma from rats receiving saline injections (limit of quantitation ϭ 5 ng/ml).
Concentrations of ibogaine and noribogaine in the cerebral cortex increased according to the dose of ibogaine administered systemically (F[2,9] ϭ 62.6, p Ͻ .001) and again noribogaine was present in slightly larger concentrations than ibogaine (F[1,9] ϭ 11.8, p Ͻ .01). Figure 2 (center sections) shows that the concentration of noribogaine in the cortex was much greater after administration of noribogaine than after ibogaine (F[1,18] ϭ 55.9, p Ͻ .001). For each dose of noribogaine administered systemically, its cortical concentration was greater than that after systemic administration of the same dose of ibogaine. For example, after administration of 10 mg/kg of noribogaine, its concentration in the cortex was 3.55 Ϯ 0.22 g/g, as compared with 2.10 Ϯ 0.23 g/g after administration of ibogaine (t[6] ϭ 4.56, p Ͻ .01). The concentrations of ibogaine and noribogaine in the striatum were generally very similar for those in the cortex and are not presented in full. As an illustration, after administration of 10 mg/kg of noribogaine, its concentration in the striatum was 3.22 Ϯ 0.03 g/g, as compared with 1.55 Ϯ 0.11 g/g after administration of 10 mg/kg of ibogaine.
In the cerebellum, noribogaine was detected after administration of either ibogaine or noribogaine, and all concentrations were related to the doses of drugs administered systemically (F[2,9] ϭ 27.4, p Ͻ .001). Figure 2 (lower sections) shows that the concentrations of noribogaine in the cerebellum were rather greater after systemic administration of noribogaine than of ibogaine (F[1,18] ϭ 5.73, p Ͻ .05), but did not approach the very large concentrations of noribogaine that was seen in the cortex. Results for concentrations in the brainstem were generally similar to those for the cerebellum; for example, after systemic administration of 10 mg/kg of ibogaine, the brainstem concentrations of ibogaine and noribogaine were 1.90 Ϯ 0.12 g/g and 1.09 Ϯ 0.10 g/g, respectively.
Relationships between Behavioral and Pharmacokinetic Data
In this section, the relationships between plasma concentrations of ibogaine and noribogaine and their behavioral effects are examined in more detail. As noted above, in rats trained to discriminate ibogaine from saline, noribogaine was at least twice as potent as the parent compound (ED 50 values of 1.98 and 4.51 mg/kg for noribogaine and ibogaine, respectively). The pharmacokinetic dose-response data were used to estimate (by interpolation) the plasma and brain concentrations of ibogaine and noribogaine at the ED 50 doses. This combined pharmacokinetic-behavioral analysis indicated that the ED 50 doses of noribogaine and ibogaine were associated with plasma concentrations of noribogaine of 0.16 g/ml and 0.19 g/ml, respectively; thus behaviorally equi-effective doses of the two drugs were associated with plasma concentrations of noribogaine that were quite similar. Similarly, the concentrations of noribogaine in the cerebral cortex were estimated as 1.11 and 1.23 g/g, respectively, after administration of the ED 50 doses of noribogaine and ibogaine. In contrast, the corresponding estimated cerebellar concentrations of noribogaine after administration of the ED 50 doses of noribogaine and ibogaine were 0.34 and 0.62 g/g.
DISCUSSION
The demonstration of cross-generalization of noribogaine with ibogaine, but not with U50,488 or dizocilpine suggests, first, that the discriminative stimulus effects of ibogaine may be mediated, at least in part, by its metabolite noribogaine; second, any actions that noribogaine may have as a -opioid agonist or as an uncompetitive NMDA antagonist seem unlikely to play a major role in its discriminative stimulus effects. The study also confirms the status of noribogaine as a biologically active metabolite of ibogaine and correlates, for the first time, the discriminative effects of ibogaine and noribogaine with their concentrations in plasma and brain regions. The drug discrimination results for rats trained on ibogaine are considered first. The generalization from ibogaine to noribogaine supports findings of Helsley et al. (1997) who characterized their results as partial generalization. The discrimination data for noribogaine in the two studies are not greatly different at 71.6% for 6 mg/kg of noribogaine, with slightly lesser generalization at larger doses, in the study of Helsley et al. (1997) and 78.0% at a 10-mg/kg dose in the experiment described here. However, the present data bring out more clearly the greater potency of noribogaine than ibogaine in this assay, as reflected in the dose-response data (Figure 1) and the associated ED 50 values. Resemblances between the effects of ibogaine and noribogaine have also been described on behavioral effects of morphine and cocaine and on extracellular concentrations of dopamine in the nucleus accumbens and striatum (Glick et al. 1996a; Maisonneuve et al. 1997) . Noribogaine also appeared to attenuate the development of tolerance to the antinociceptive action of morphine in mice (Bhargava and Cao 1997) , suggesting that the metabolite may be mediating the inhibitory effect of ibogaine on morphine tolerance in vivo.
The findings for tissue concentrations of ibogaine and noribogaine confirm and support earlier data that were obtained in Fischer rats (Mash et al. 1995a; Hough et al. 1996; Staley et al. 1996) . The present data, obtained with the same pretreatment time as in the behavioral observations, and from hooded rats of the same sex, strain, and age, allow a closer examination of the relationship between tissue concentrations and behavioral effects. From the data presented above, it can be seen that the approximately two-fold greater potency of noribogaine over ibogaine in the discrimination procedure matches its approximately two-fold greater concentration in plasma after administration of equal doses of the two substances. Thus, at the ED 50 doses for this behavioral effect, the plasma concentration of noribogaine was similar regardless of whether it was ibogaine or noribogaine that was administered systemically. This suggests that the discriminative stimulus effect of ibogaine (10 mg/kg) in the present experiments may be attributable largely to the activity of its metabolite noribogaine. Additional experiments are needed to establish the role of noribogaine more definitively, including tests in which the metabolic conversion to noribogaine is blocked and different training doses of ibogaine are used.
The results for concentrations of noribogaine in the higher regions of the brain (cortex and striatum) were very similar to those for plasma; at the ED 50 doses for the discriminative effect, the concentrations of noribogaine in these tissues were similar regardless of ibogaine or noribogaine was administered systemically. In contrast, concentrations of noribogaine in lower brain regions (cerebellum and brainstem) after administration of noribogaine were little more than half of those after ibogaine. Assuming, as argued above, that the discriminative effect of ibogaine may be mediated to a large extent by the action of its metabolite noribogaine, the most parsimonious explanation for these data on brain distributions is that the site of action of noribogaine resides primarily in the higher regions of the brain. Strong ibogaine-induction of the early/immediate gene product c-fos in cortex, hippocampus, and paraventricular hypothalamus has indicated previously that these areas are possible substrates for the psychopharmacological properties of ibogaine (Scallet et al. 1996) . More extensive pharmacokinetic data as well as additional studies to localize the site of action of ibogaine (for example, studies involving microinfusions into brain regions) are needed to test these hypotheses further. The relatively lower concentration of noribogaine in the cerebellum may be related to its five-fold lower potency as a tremorigenic agent (Zetler et al. 1972) . The ibogaine congener 18-methoxycoronaridone has also been reported to have less tremorigenic effect than ibogaine while retaining other biological activity (Glick et al. 1996b ). The relatively low concentration of noribogaine in the cerebellum suggests that congeners of ibogaine may have a therapeutic index more favorable than that of ibogaine itself.
The present tests for -opioid agonist-like and NMDA antagonist-like behavioral effects of noribogaine were negative. Previous studies have suggested some similarity between the discriminative effects of dizocilpine and very large doses of ibogaine in mice (Popik et al. 1995) , but in the present studies it was not possible to extend such observations to noribogaine in the rat. Tests for generalization from dizocilpine to ibogaine were also negative (Helsley et al. 1998b; Jones et al. 1998; Zubaran and Stolerman, unpublished data) , so the discrepancy may be related to the different species or behavioral procedures; Popik et al. (1995) carried out their experiments using a T-maze procedure in mice, so there were major methodological differences from the present studies and from those of Helsley et al. (1998b) using rats trained in operant chambers. Studies in rats trained with doses of dizocilpine and U50,488 that differ from those used in the present experiments may also yield different results. Nevertheless, our negative results of generalization tests with noribogaine in rats trained with the -opioid agonist U50,488 mirror those of earlier studies in which rats trained to discriminate ibogaine failed to generalize to U50,488 (Helsley et al. 1998b) . Therefore, it would seem that any -opioid agonist-like and NMDA antagonist-like effects of noribogaine do not contribute in a very significant manner to its discriminative stimulus properties.
In summary, the present study suggests that noribogaine may be the major entity that produces the discriminative effect of ibogaine. Furthermore, the lack of generalization from either dizocilpine or U50,488 to noribogaine suggests that neither an antagonist action at NMDA receptors nor a -opioid agonist-like effect mediates the noribogaine stimulus.
